INTRODUCTION
============

The (atomic) handling of nano-objects, that is, connecting macromolecules or nanoparticles with definite "valency" and "direction," is currently being pursued in the field of nanotechnology. At present, the controlled surface modification of particles ([@R1]--[@R6]) and the controlled placement of cross-linking (coordination) sites ([@R7]--[@R12]) are two approaches to handling such nano-objects. The development of "atom mimicry" ([@R10], [@R13], [@R14]) by containing various nano-objects in a narrow space appears to be a promising approach to expanding the frontiers to create architectures with the appropriate containers that allow the placement of objects into a framework.

Recently, the layer-by-layer, periodically-branched structure of the dendrimer has been attracting attention because of atom mimicry ([@R13], [@R14]), with each dendrimer generation level resembling the traditional Bohr atomic orbital. However, each layer of the dendrimer generally has a different environment. Usually, this difference is unclear in that the difference in the coordination constant of each layer in a dendritic ligand cannot be detected ([@R15]). In contrast, some dendrimers have a clear electron density gradient in their backbone ([@R16]). A dendritic ligand with this electron density gradient shows a layer-by-layer stepwise coordination ([@R17], [@R18]), and one of these is the phenylazomethine dendrimer (DPA) ([@R19]--[@R22]). DPA is a Schiff base dendritic ligand that coordinates to Lewis acids in a radial stepwise fashion. This behavior is an analog of filling the atomic orbital with electrons, and DPA definitely shows atom mimicry ([Fig. 1](#F1){ref-type="fig"}). We now report the first examples of the one-dimensional (1D) and two-dimensional (2D) polymers of DPA by selectively cross-linking the innermost layer (first orbital) of DPA, which is the first "polymer of atom mimicry." This polymer can also store other objects in the inner space of the DPA. Therefore, this feature will provide a new method to locate nano-objects using the polymer as a template.

![Exhibition of DPA as an atom mimicry and its polymerization.\
(**Top**) Comparison of the DPA and Bohr atom model. (**Bottom**) Polymerization of dendritic atom mimicry using a cross-linking molecule (electron pair mimicry).](1601414-F1){#F1}

RESULTS
=======

Design of the linker
--------------------

To cross-link DPA, a rod with two Lewis acids at the periphery is necessary. The rod is required to be rigid to prevent the two Lewis acids from one rod from coordinating to one dendrimer, and the Lewis acid should be able to synthetically connect to the rod. Therefore, the combination of the phenylene ethynylene backbone and triphenylmethylium (TPM) cation (Lewis acid) ([@R23]) was selected as the linker, which is an analog of the covalent electron pair ([Fig. 1](#F1){ref-type="fig"}). The length of the linker was designed to properly link each dendrimer in a molecular model (fig. S1).

The linker molecule was synthesized by a combination of the Sonogashira coupling and the deprotection of the trimethylsilyl (TMS) group, which is a typical route to synthesize oligo(phenylene ethynylenes) ([@R24], [@R25]). The triphenyl methanol unit was introduced to the periphery by Sonogashira coupling. The OH group was converted into chlorine and, finally, reacted with AgBF~4~ to obtain the dication linker (scheme S1 to S9, figs. S2 to S15).

Confirming the formation of the polymer by UV-vis titration
-----------------------------------------------------------

The stepwise coordination of a Lewis acid to DPA can be traced by ultraviolet-visible (UV-vis) titration; that is, the sequential shift of the isosbestic point that corresponds to the coordination to each layer can be observed upon titration ([@R17]--[@R22]). However, titrating more than 1 eq of a linker with DPA will cause a complex network structure that is difficult to evaluate. Therefore, the complexation of the linker molecule to the innermost layer was confirmed by additional titration of SnCl~2~ (a Lewis acid that has a lower binding constant to DPA compared to TPM) ([@R23]) to a 1:1 mixture of DPAG4 and the linker ([Fig. 2A](#F2){ref-type="fig"}). First, the addition of 1 eq of the linker (2 eq of cation versus one dendrimer) caused an increase in the absorbance at 350 to 450 nm, and notably, the absorption of the linker cation (at 578 nm, ε = 5.9 × 10^4^ M^−1^ cm^−1^) disappeared. This indicated the coordination of the linker to DPAG4. Subsequently, SnCl~2~ was titrated into the solution. Upon addition of SnCl~2~, the absorption around 450 nm increased, and the absorption around 300 nm decreased. Careful observation revealed the existence of three isosbestic points, and the amounts of SnCl~2~ that were necessary for the shift were 4, 8, and 16 eq, amounts which correspond to the number of imine sites of the second, third, and fourth layers of DPAG4, respectively, and agree with the stepwise complexation from the second layer to the fourth layer of DPAG4. Consequently, the UV-vis titration shows that the linker is coordinating to the innermost layer of the DPA, forming a coordination polymer, and the DPA polymer can store other Lewis acids. The same UV-vis titration was also performed for a four-substituted DPA \[ZnPG4 (zinc porphyrin core DPA) ([@R26]); figs. S16 and S17\]. Similar to a two-substituted DPA, three isosbestic points that correspond to the coordination of SnCl~2~ to the second, third, and fourth layers of the dendrimer were observed. This result confirms that the coordination of the linker occurs at the innermost layer of the dendrimer, and that SnCl~2~ can be stored in the dendrimer even if the core (valency) of the dendrimer changes.

![UV-vis spectra during titration.\
(**A**) DPAG4 during the addition of 1 eq of the linker followed by 28 eq of SnCl~2~ (the solvent is dichloromethane/acetonitrile, 1:1) and (**B**) ZnPG4 during the addition of 2 eq of the linker followed by 56 eq of SnCl~2~ (the solvent is dichloromethane/acetonitrile, 1:1).](1601414-F2){#F2}

Light-scattering measurements of the polymer
--------------------------------------------

The formation of a linear supramolecular polymer ([@R27]--[@R33]) was confirmed by light-scattering measurements. The multiangle light-scattering (MALS) measurement and the Zimm plot (fig. S18A) revealed that the polymer has a molecular weight of (6.8 ± 0.6) × 10^5^ g/mol that corresponds to a degree of polymerization (DP) of 98 and a radius of gyration (Rg) of 101 ± 28 nm. The theoretical DP ([@R34], [@R35]) calculated from the binding constant of DPAG1 and the linker (1.0 × 10^7^ M^−1^; fig. S19) is 108, which is in agreement with the observed value ([@R23]). Additionally, the Kratky plot of the MALS measurement had a linear slope that suggests formation of an anisotropic chain (fig. S20) ([@R36]--[@R39]). The dynamic light-scattering (DLS) measurement at a similar concentration (fig. S21) showed a hydrodynamic radius (Rh) of 76 nm; thus, the Rg/Rh value was determined to be 1.33. This indicates that the supramolecular polymer has an anisotropic structure with some flexibility (worm-like chain) ([@R40]). The MALS measurement was also performed for the 1D polymer with 12 eq of SnCl~2~ per dendrimer. This result shows the existence of a linear polymer with a molecular weight of (4.6 ± 0.9) × 10^5^ g/mol that corresponds to a DP of 52 and an Rg of 95.4 ± 17 nm. The big difference in the second virial coefficient compared to the polymer without SnCl~2~ indicates that the interpolymer interaction decreased as a result of storing SnCl~2~ (fig. S18B). The decrease in DP was observed, but Rg was identical. This probably suggests that the linearity of the polymer had increased. The DLS measurement (fig. S22) showed an Rh of 30 nm; thus, the Rg/Rh value was determined to be 3.18. This high Rg/Rh value also supports the result of the MALS measurement; that is, the polymer with SnCl~2~ takes a more rigid, rod-like conformation compared to the polymer without SnCl~2~. This result indicates that the 1D supramolecular polymer can successfully store SnCl~2~. Accordingly, a light-scattering study revealed the formation of a linear polymer. This verifies the cross-linking of the innermost layer because otherwise, if the linkage occurred in other layers, it would form an isotropic aggregate.

Microscopy of the polymer
-------------------------

The structure of the supramolecular polymer was also analyzed by microscopy. The solution of the 1:1 mixture of DPAG4 and the linker was drop-cast onto highly ordered pyrolytic graphite (HOPG). Fibrous objects with a height of one or two dendrimers were observed in the atomic force microscopy (AFM) image ([Fig. 3](#F3){ref-type="fig"} and fig. S23). The width was greater than one dendrimer plus the width of the probe, which can be attributed to the bundling of the polymers. Also, a single chain was observed, but this structure could not be seen if the linker and dendrimer were mixed at a 0.5:1 composition (figs. S24 and S25). Further examination by scanning tunneling microscopy (STM) revealed the existence of a single chain with a width of 3 nm, which corresponds to the short axis of the dendrimer. The observed polymer also had a periodic structure that can be attributed to the dendrimer unit ([Fig. 3](#F3){ref-type="fig"} and figs. S26 and S27). The molecular model of the dendrimer with a linker (figs. S28 and S29) indicates that the supramolecular polymer can have several conformations. The STM image shows some bend (fig. S30), but overall, the polymer chain shows a linear, highly anisotropic structure.

![AFM and STM (36 nm × 36 nm, +1.5 V, 25.0 pA) images.\
1D supramolecular polymer (**top**) and 2D supramolecular polymer (**bottom**).](1601414-F3){#F3}

2D polymer
----------

The valency of the dendrimer can be easily controlled by changing the core. A planar four-substituted porphyrin core dendrimer (ZnPG4; fig. S16) is expected to have a valency of "four" and form a 2D supramolecular polymer in the presence of 2 eq of the linker. The 1:2 mixture of ZnPG4 and the linker was drop-cast onto HOPG. The AFM image showed the formation of a sheet with a height of about 2 to 3 nm. This structure cannot be observed with only the dendrimer (fig. S31) and with an excess (6 eq) amount of the linker (larger aggregates were observed; fig. S32). The height of the sheet corresponds to the flattened dendrimer with the porphyrin ring parallel to the HOPG substrate (fig. S17). Therefore, this is attributed to a 2D polymer sheet ([@R41]--[@R44]). The DLS analysis of the solution showed an Rh of 32 nm. The slope of the linker equivalent versus the hydrodynamic radii plot showed a decrease when more than 2 eq of the linker was added (fig. S33). This indicates that the growing dimension of the supramolecular polymer increased by increasing the amount of the linker. The supramolecular polymer grows two-dimensionally until the first layer of the dendrimer is occupied and then starts to grow three-dimensionally because the second-layer imine sites have a greater steric hindrance and a diverse configuration. The AFM image of the dendrimer with 6 eq of the linker also supports this (fig. S32); that is, it showed aggregates that are higher than the 2D sheet (the height and the distribution were much larger than the proper 2D sheet; see fig. S32). The MALS analysis was also provided (fig. S34). The Rg of the supramolecular polymer was much lower than that of the linear polymer at a similar concentration (1D, 101 ± 28 nm; 2D, 26 ± 42 nm), but the determined absolute molecular weight was higher \[1D, (6.8 ± 0.6) × 10^5^ g/mol; 2D, (2.7 ± 0.4) × 10^6^ g/mol\]. This indicates that the supramolecular polymer of the tetravalent dendrimer is denser than the divalent dendrimer polymer, which means that the supramolecular polymer of the tetravalent dendrimer has a higher dimension of growth than the 1D polymer. Furthermore, the Rg/Rh value was 0.8 for the 2D polymer. This supports the fact that the dimension of the supramolecular polymer is between 1D and 3D. Overall, these data prove that the valency control of the dendrimer can control the structure of the supramolecular polymer.

Metal accumulation to the polymer
---------------------------------

As demonstrated in [Fig. 2](#F2){ref-type="fig"}, the DPA-linker supramolecular polymer has extra coordination sites (unoccupied orbitals) that can be used to accumulate various Lewis acids. The AFM image of the linear polymer with 12 eq of SnCl~2~ per DPAG4-linker and 28 eq of SnCl~2~ per ZnPG4-linker showed results very similar to those of the polymer without SnCl~2~ ([Fig. 3](#F3){ref-type="fig"}). The accumulation of 12 eq of PtCl~4~ (heavy atom) per DPAG4 has also allowed us to obtain scanning transmission electron microscopy (STEM) images of the network of the linear polymer (fig. S35). These data indicate that the DPA polymer can store metal salts (Lewis acids) and can be used as a chain of nanocontainers.

DISCUSSION
==========

A supramolecular polymer that consists of atom mimicry (DPA) and electron pair mimicry (linker molecule) was developed. The valency of the DPA could be easily controlled by changing the core substitution number, and as a result, the formation of 1D and 2D polymers was confirmed. Therefore, this system will lead to the construction of various supramolecular structures by changing the dendrimer (valency) and designing the appropriate linker. Additionally, the DPA exhibiting atom mimicry could store other Lewis acids in its outer orbitals. This means that DPA can give valency and direction to the stored molecules (or nanoparticles that are formed in DPA). This describes a new aspect of atom mimicry, that is, the use of atom-mimicking nanocontainers to give atomicity to various molecules that can be stored in the container. Thus, the metal-storing supramolecular polymer provides the possibility of constructing arrays of zero valence ([@R20], [@R21]) or oxide ([@R19]) nanoparticles on a substrate. The geometry and pitch can be controlled by the design of the dendrimer and the linker and are potentially applicable to plasmonics (after seed-mediated growth) and nanoelectrode grids (which are also useful as electrocatalysts).

MATERIALS AND METHODS
=====================

Chemicals
---------

DPAG4 ([@R45]) and ZnPG4 (fig. S16) ([@R26]) were synthesized according to previously described methods in the literature. Chemicals were purchased from Kanto Kagaku Co. Ltd., Tokyo Chemical Industry Co. Ltd., Wako Pure Chemical Industries Ltd., or Aldrich and used without further purification (solvents for the UV-vis titration and reactions were of dehydrated grade). The silica gel for column chromatography was of neutral grade (Kanto Kagaku Co. Ltd.).

General
-------

The nuclear magnetic resonance (NMR) spectra were obtained using a Bruker AVANCE III 400 (400 MHz). The ^1^H NMR and ^13^C NMR spectra were measured with TMS as the internal standard. The matrix-assisted laser desorption/ionization--time-of-flight mass spectrometry data were obtained using a Shimadzu Kratos AXIMA-CFR Plus in the linear positive ion mode. Dithranol was used as the matrix. The UV-vis spectra were recorded using a Shimadzu UV-2700 with a quartz cell (optical length, 1 cm) at 20°C in a glove box. The elemental analysis was performed at the Center for Advanced Materials Analysis, Technical Department, Tokyo Institute of Technology. The molecular models were calculated with SCIGRESS v2.1.0 (Fujitsu) using the MM/AM1 MOZYME method and with Gaussian 09, Revision C.01 ([@R46]) on the nodes of a supercomputer (TSUBAME2, Tokyo Institute of Technology). A preparative scale gel permeation chromatograph, LC-908 (Japan Analytical Industry Co. Ltd.), was used to isolate each compound with chloroform as the eluent.

Multiangle light scattering
---------------------------

MALS was performed using a DAWN HELEOS II spectrometer in batch mode with a 690-nm laser (Wyatt Technology Corp.) after filtering the dendrimer and linker solution with a hydrophobic membrane filter (pore size, 0.5 μm). The refractive index increment (*dn*/*dc*) was determined using an Optilab T-rEX Wyatt Interferometric Refractometer and was found to be 0.049 ml g^−1^. The concentrations were 0.6, 0.8, and 1.0 mg/ml.

Dynamic light scattering
------------------------

The DynaPro NanoStar with a Temperature-Controlled MicroSampler (Wyatt Technology Corp.) was used for DLS measurements after filtering the dendrimer and linker solution with a hydrophobic membrane filter (pore size, 0.5 μm). The concentration was 0.8 mg/ml.

Atomic force microscopy
-----------------------

AFM was performed with a commercial atomic force microscope (Shimadzu WET-SPM FM-AFM and SII SPA400) operating in direct force mode using rectangular silicon cantilevers (NanoWorld; 125 μm long, 30 μm wide, 4 μm thick) with an integrated tip, a normal spring constant of 42 N/m, and a resonance frequency of 320 kHz.

Scanning tunneling microscopy
-----------------------------

Ultrahigh-vacuum (UHV) STM was conducted using a JSPM-4500 (JEOL). All STM observations and scanning tunneling spectroscopy measurements were conducted using a UHV scanning tunneling microscope at room temperature. A tungsten tip, which was prepared by electrochemically etching a tungsten wire, was used as an STM tip. All STM images were taken in constant-current mode at a set point current of 25 pA and a bias voltage of 1.5 V.

Scanning transmission electron microscopy
-----------------------------------------

STEM images were obtained via a transmission electron microscope (JEM-2100F, JEOL) using the high-angle annular dark-field method. The samples were deposited on a carbon film with a Cu mesh (Super Ultra-High Resolution Carbon film with Cu grid; Okenshoji Co.). Sample preparation conditions, synthesis, and identification data are described in the Supplementary Materials.
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fig. S1. Molecular models of DPA G4 and linker molecule.

fig. S2. ^1^H NMR spectrum (400 MHz, CDCl~3~, 302 K) of **2.**

fig. S3. ^13^C NMR spectrum (100 MHz, CDCl~3~, 302 K) of **2.**

fig. S4. ^1^H NMR spectrum (400 MHz, CDCl~3~, 302 K) of **3.**

fig. S5. ^13^C NMR spectrum (100 MHz, CDCl~3~, 302 K) of **3.**

fig. S6. ^1^H NMR spectrum (400 MHz, CDCl~3~, 302 K) of **4.**

fig. S7. ^13^C NMR spectrum (100 MHz, CDCl~3~, 302 K) of **4.**

fig. S8. ^1^H NMR spectrum (400 MHz, CDCl~3~, 302 K) of **5.**

fig. S9. ^13^C NMR spectrum (100 MHz, CDCl~3~, 302 K) of **5.**

fig. S10. ^1^H NMR spectrum (400 MHz, CDCl~3~, 302 K) of **6.**

fig. S11. ^13^C NMR spectrum (100 MHz, CDCl~3~, 302 K) of **6.**

fig. S12. ^1^H NMR spectrum (400 MHz, CDCl~3~, 303 K) of **7.**

fig. S13. ^13^C NMR spectrum (100 MHz, CDCl~3~, 303 K) of **7.**

fig. S14. ^1^H NMR spectrum (400 MHz, dehydrated CDCl~3~, 303 K) of **8.**

fig. S15. ^13^C NMR spectrum (100 MHz, CDCl~3~, 302 K) of **8** and **7**.

fig. S16. Structure of ZnPG4.

fig. S17. Molecular model of ZnPG4.

fig. S18. MALS analysis of 1D supramolecular polymer with and without 12 eq SnCl~2~.

fig. S19. UV-vis spectra of a linker molecule during the addition of DPAG1.

fig. S20. MALS analysis of 1D supramolecular polymer (Kratky plot at 0.8 mg ml^−1^).

fig. S21. DLS analysis of the 1D supramolecular polymer.

fig. S22. DLS analysis of the 1D supramolecular polymer with 12 eq of SnCl~2~.

fig. S23. AFM images of the 1D supramolecular polymer.

fig. S24. AFM image of DPAG4 and 0.5 eq linker.

fig. S25. AFM phase image of the 1D supramolecular polymer.

fig. S26. Enlarged STM image of 1D supramolecular polymer with a molecular model of DPA G4.

fig. S27. 3D STM topograph image of the 1D supramolecular polymer with a molecular model of the polymer.

fig. S28. Molecular model and structure of DPAG0 and TPM cation.

fig. S29. Representative molecular model of DPAG1 and two linker molecules.

fig. S30. STM image of 1D supramolecular polymer with molecular models.

fig. S31. Representative AFM topological image of ZnPG4.

fig. S32. Representative AFM topological images of ZnPG4 with 6eq of the linker.

fig. S33. DLS analysis of ZnPG4 with linker in several ratios.

fig. S34. MALS analysis of 2D supramolecular polymer (ZnPG4 with 2 eq of the linker; Zimm plot).

fig. S35. STEM images of the 2D supramolecular polymer.

scheme S1. Synthesis of **1.**

scheme S2. Synthesis of **2.**

scheme S3. Synthesis of **3.**

scheme S4. Synthesis of **4.**

scheme S5. Synthesis of **5.**

scheme S6. Synthesis of **6.**

scheme S7. Synthesis of **7.**

scheme S8. Synthesis of **8.**

scheme S9. Synthesis of **9.**
